Abstract: This paper presents large-angle color dispersion using a holographically fabricated 2-D subwavelength transmission grating. A dispersion angle of 68 is observed within continuous spectrum dispersion from 360 to 700 nm at an incident angle of 20 using white light as a probe beam. By changing the angle between the sample normal and the probe beam, the dispersed spectrum can be tuned at a spectral resolution of 3.6 nm per degree.
Introduction
A diffraction grating acts as a prism and disperses different wavelengths of light into a spectrum. The grating spacing or groove determines the dispersion angle. Using a commercial replicated holographic grating of 2400 grooves/mm ðdispersion ¼ 0:33 nm/mradÞ as an example, the dispersion angle from a light wavelength of 400 to 700 nm is 52
. Recently, numerous studies have focused on using photonic crystal structures to create a large-angle light dispersion phenomenon [1] - [12] . They have reported a maxima dispersion angle of approximately 50 [13] . This paper presents a 68 white-light dispersion angle (360 to 700 nm) using 2-D subwavelength gratings. The hexagonal gratings of a 500-nm period were fabricated using a holographic polymerdispersed liquid crystal (H-PDLC) technique that used a single prism as an optical interference setup [14] . Typically, H-PDLC gratings do not provide sufficient refractive index (RI) contrast when fabricating 2-D or 3-D subwavelength periodic structures. However, adding a moderate amount of solvent increases the RI contrast to 0.2 because of the RI difference between the polymer and nanopore regions [15] . The results of this paper offer alternatives for fabricating low-cost efficient optical components used for spectroscopic purposes. Fig. 1 shows the optical setup for the holographically fabricated samples. A specially designed prism was used to achieve three-beam interference from single laser exposure. A description of the specially designed prism and corresponding interference patterning technique can be found in [14] .
Experiment
The holographic writing laser was expanded and collimated to 40 mm in diameter and exposed to the top of the prism. The 3-m-thick sandwiched sample was placed on the bottom of the prism using index-matching oil. The prepolymer syrup consisted of 50-wt.% monomer, dipentaerythritolhydroxypenta acrylate; 20-wt.% toluene; 7-wt.% cross-linking monomer, N-vinylpyrrollidone; 1-wt.% photoinitiator, rose bengal; and 2-wt.% coinitiator, N-phenylglycine, procured from SigmaAldrich, and 20-wt.% nematic LC, MDA3461 procured from Merck (Taiwan). The sandwiched sample was exposed to a 514-nm-Arþ laser for 3 min and cured under a table light for 24 h. During holographic interference patterning, the monomer fluids were cross-linked and became polymer in the high light-intensity regions; at the same time, the LC/toluene mixture were phase-separated in the low light-intensity regions. The sandwiched sample must be opened to allow the solvent vapor to evaporate to achieve optical characteristics. Fig. 1(d) shows an image of the fabricated structure under an optical microscope in dark-field operation mode. Dark-field operation enhances the image contrast between polymer (dark) and nanopore (bright) regions. Fig. 2(a) shows the schematic setup for recording dispersion angles and spectra from the 2-D subwavelength transmission grating, and Fig. 2(b) shows the corresponding dispersion spectra images at different white-light incident angles ðÞ. The dispersion angle is calculated by measuring the dispersion distance (d) from 360 to 700 nm. The dispersion angle increases when the incident angle increases, reaching a maximal value of 68
Results and Discussion
at an incident angle of 20 . The dispersion angle decreases when the incident angle is larger than 20
, and the dispersed color vanishes when the incident angle is larger than 60 . This dispersion behavior is similar to that of commercial holographic gratings, where the dispersion angle increases with the incident angle and then decreases (see Fig. 3 ). The holographic transmission grating dispersion angle is calculated using the following equation:
where ðÞ is the dispersion angle corresponding to incident wavelength i, is the incident angle, and Ã is the grating period. Using a 1-D transmission grating with a period of 522 nm as an example, the calculated dispersion angles corresponding to 360 and 700 nm wavelengths are approximately 20 and 90 , respectively, at an incident angle of 20 . The calculated dispersion angle for a 1-D grating between 360 and 700 nm is 70 , which is similar to the proposed 2-D hexagonal grating.
Dispersion spectra shifts were recorded at Detector-Fixed Position 1 (see Fig. 2 ) by changing the probe beam incident angle. The peak position was tuned by 90 nm between a sample rotation of 25 and 50 , providing a spectral resolution of 3.6 nm per degree. Fig. 3 . Tunable dispersion spectra of 2-D subwavelength holographic transmission gratings dependent on the incident angle of unpolarized white light when the detector is fixed at position 1, as shown in Fig. 2(b) . The transmission spectra for the sample at different probe beam incident angles were recorded and analyzed, as shown in Fig. 4 . The experiment results in Fig. 4(a) and the simulated results in Fig. 4(b) , obtained using DiffractMOD (RSoft Co.), show that the RI of the fabricated structure is 0.2, which is the same as that obtained from previously fabricated 1-D reflection gratings. A grating period of 522 nm was used in the simulation. By considering the scattering loss from the H-PDLC samples, the simulated results are matched to the experimental results.
Conclusion
This paper demonstrates large-angle color dispersion using a 2-D subwavelength holographic transmission grating. When an unpolarized white light is incident to the sample, a dispersion angle of 68 is observed within a continuous spectrum distributed from 360 to 700 nm. Rotating the sample tunes the detected spectrum and achieves a spectral resolution of 3.6 nm per degree. The results could be used for spectrometric applications. Future studies should investigate methods of tuning the spectrum without rotating the samples by adding or infiltrating photoactive molecules, such as azobenzene deriatives.
